1. Introduction {#sec1-materials-09-00150}
===============

Transsection of peripheral nerves is a frequent injury that causes severe impairment of activities of daily living in affected patients \[[@B1-materials-09-00150],[@B2-materials-09-00150]\]. Tensionless coaptation of nerve stumps is known to be inevitable for successful nerve healing \[[@B3-materials-09-00150],[@B4-materials-09-00150]\]. However, the recoil of nerve stumps due to debridement or delayed surgical care causes nerve gaps which frequently impede this tensionless nerve repair and remain a great challenge in clinical practice \[[@B5-materials-09-00150]\]. The gold standard for the treatment of these nerve gaps is the interposition of an autologous nerve segment to allow axonal outgrowth towards the distal nerve stump \[[@B6-materials-09-00150]\]. The limited availability of donor nerves of adequate diameter and quality has led to nerve conduits as an alternative to guide axonal regeneration. Nerve conduits are cylindrically shaped grafts made of synthetic or autologous materials that are sutured microscopically in between the proximal and distal nerve end to allow axonal regrowth towards the distal nerve stump \[[@B7-materials-09-00150],[@B8-materials-09-00150],[@B9-materials-09-00150]\]. Various materials have been investigated for their suitability as nerve guidance conduits, and there is an ongoing debate on which material is most optimal for allowing axonal regrowth \[[@B10-materials-09-00150]\].

Schwann cells (SC) are known to dedifferentiate into an activated SC phenotype during the course of nerve injury and, hence, fundamentally contribute by secretion of growth factors in the complex process of nerve regeneration \[[@B11-materials-09-00150]\]. Further, SCs have been shown to migrate from the proximal as well as from the distal nerve stump to form Bands of Büngner to direct axonal regrowth \[[@B12-materials-09-00150]\]. Thus, the lack of SCs in the scenario of long distance nerve gaps might be one key factor for the poor regeneration of these injuries.

Despite this crucial role of SC in peripheral nerve regeneration, optimal materials for the migration of SCs have found little attention in the field of nerve conduit engineering. Various extracellular matrix (ECM) materials have been suggested to be essential for nerve recovery \[[@B10-materials-09-00150],[@B13-materials-09-00150],[@B14-materials-09-00150],[@B15-materials-09-00150]\]. To elucidate what specific ECM might provide the most optimal conditions for the induction of nerve recovery, different biocompatible compounds were investigated for their quality in inducing SC migration and viability.

2. Results {#sec2-materials-09-00150}
==========

2.1. Viability Assay {#sec2dot1-materials-09-00150}
--------------------

SCs cultivated on poly-[l]{.smallcaps}-lysine or poly-[l]{.smallcaps}-ornithine showed no difference in cell viability when compared with the cells cultured on uncoated polystyrene. Whereas collagen I and fibronectin had a positive effect on cell viability, cells cultured on laminin showed a decreased viability after two days. However, five days after the cells were seeded onto the differently coated surfaces, no statistically significant difference in cell vitality could be observed for collagen I, poly-[l]{.smallcaps}-lysine, or poly-[l]{.smallcaps}-ornithine. Moreover, the viability-stimulating effect of fibronectin that was observed after two days changed to a viability-decreasing effect after five days ([Figure 1](#materials-09-00150-f001){ref-type="fig"}).

2.2. Migration Assay {#sec2dot2-materials-09-00150}
--------------------

Collagen I and fibronectin showed a migration-stimulating effect on SCs. On the uncoated polystyrene surface, the gap between the cell edges was 75.2% of the original area (t~0~) after 24 h and 54.4% after 48 h. On the collagen I--coated surface, the remaining cell-free area was 61.3% (t~24~) and 47.5% (t~48~), respectively. After 24 h, only 34.9% of the original scratch area remained on fibronectin-coated surfaces. Moreover, 48 h after the scratch was induced, no gap was detectable in any fibronectin-coated well. Laminin, poly-[l]{.smallcaps}-lysine, and poly-[l]{.smallcaps}-ornithine had no migration-stimulating effect compared to the polystyrene control. After 24 h, 70.7%, 79.3%, and 88.9%, respectively, of the original gap size were still without detectable cell migration. Remaining cell-free areas after 48 h were 57.5%, 67.5%, and 52.4%, respectively ([Figure 2](#materials-09-00150-f002){ref-type="fig"}). Microscopic images of typical wells are shown in [Figure 3](#materials-09-00150-f003){ref-type="fig"}.

3. Discussion {#sec3-materials-09-00150}
=============

As opposed to the central nervous system, peripheral nerves have a high potential to regenerate and thereby allow functional recovery \[[@B16-materials-09-00150]\]. Research on peripheral nerve regeneration revealed SCs as the regenerative source of recovery in the PNS \[[@B17-materials-09-00150]\]. In response to injury, SCs dedifferentiate into a state which has been termed the activated SC phenotype \[[@B11-materials-09-00150]\]. This activation includes a loss of myelinating proteins and, at the same time, allows secretion of neurotrophic and neurotropic factors that have been proven to be essential for regenerative processes in the PNS \[[@B18-materials-09-00150]\].

The most severe injuries in peripheral nerves are complete nerve disruptions with remaining nerve gaps. In the past two decades, synthetic nerve guidance conduits became an alternative for bridging nerve discontinuities to circumvent the disadvantages of autologous nerve grafts \[[@B19-materials-09-00150],[@B20-materials-09-00150],[@B21-materials-09-00150]\]. Conduits ideally not only guide the axonal outgrowth, but allow optimal conditions for SC-induced regenerative processes. Basement proteins such as collagen I, fibronectin and laminin are known to influence cell viability and migration \[[@B22-materials-09-00150],[@B23-materials-09-00150],[@B24-materials-09-00150]\]. Indeed, there is increasing evidence that collagen type I, fibronectin, laminin, lysine and ornithine are among the ECMs that contribute to the microenvironment of SC-induced nerve recovery during Wallerian degeneration \[[@B10-materials-09-00150],[@B13-materials-09-00150],[@B14-materials-09-00150],[@B15-materials-09-00150],[@B25-materials-09-00150]\]. When SC viability was assessed for the different surface materials in this *in vitro* experiment, the highest cell viability was detected for collagen I ([Figure 1](#materials-09-00150-f001){ref-type="fig"}). At this time, commercially available biodegradable nerve conduits are mostly composed of collagen type I \[[@B10-materials-09-00150],[@B15-materials-09-00150]\]. Therefore, collagen I might not only be favorable due to its biocompatibility \[[@B10-materials-09-00150]\], but also for the viability of migrating SC in the context of regenerating nerves. Interestingly, autologous muscle conduits have been investigated for their ability to regenerate peripheral nerve injuries and showed promising results \[[@B10-materials-09-00150],[@B26-materials-09-00150]\]. The high amount of collagen I in musculoskeletal tissues together with the SC-proliferating property might be one explanation for this *in vivo* observation.

Interestingly, investigations in human SCs in a comparable study showed results that vary from our findings \[[@B27-materials-09-00150]\]. Vleggeert-Lankamp *et al.* observed the highest proliferative effect for fibronectin and laminin within the first three days after seeding \[[@B27-materials-09-00150]\]. In contrast, collagen I did not show a comparable stimulatory effect in their study. Possibly, these differences can be attributed to variations in the experimental setup. The study of Vleggeert-Lankamp *et al.* was conducted with human SCs, instead of rat SCs, and coated surfaces were glass cover slips instead of polystyrene. However, four to six days after seeding, the proliferation rates of human SCs on coated glass were in closer accordance with the results from our viability assay. At this particular time point, the highest viability was detected for collagen I and fibronectin, whereas viability on laminin was inferior in comparison to uncoated glass controls. Perhaps these differences in human and rat SCs' behavior are one explanation for the higher regenerative potential observed in rodents.

Migration of SCs has been demonstrated as one critical factor not only in peripheral nerve development but also in nerve regeneration \[[@B12-materials-09-00150]\]. Further, axonal elongation is known to depend on surrounding ECM \[[@B13-materials-09-00150],[@B28-materials-09-00150]\]. Based on these findings, we investigated the influence of the ECM proteins collagen I, fibronectin, and laminin on SC migration. Amino acids such as poly-[l]{.smallcaps}-lysine and poly-[l]{.smallcaps}-ornithine are known to be relevant for *in vitro* SC attachment as well as SC proliferation during the early phase of Wallerian degeneration \[[@B14-materials-09-00150]\]. Accordingly, the potential of these polymers to facilitate SC migration and viability was as well evaluated \[[@B14-materials-09-00150],[@B25-materials-09-00150]\]. Whereas collagen I showed a slightly stimulating effect on SC migration, fibronectin strongly supported migration. After 48 h, the gaps in all fibronectin-coated wells were completely closed ([Figure 2](#materials-09-00150-f002){ref-type="fig"} and [Figure 3](#materials-09-00150-f003){ref-type="fig"}). At this time point, on all other surfaces evaluated, the remaining cell-free area was around 50%, with only collagen I being below 50% ([Figure 2](#materials-09-00150-f002){ref-type="fig"} and [Figure 3](#materials-09-00150-f003){ref-type="fig"}). This data strongly suggests that a fibronectin-coated nerve guide conduit might have a stimulating effect on SC migration and possibly on consecutive axonal regeneration \[[@B12-materials-09-00150]\]. Interestingly, Widhe *et al.* reported that changing the widely used cell attachment RGD (*i.e.*, arginine-glycine-asparagine) motive using genetic engineering to a constellation more similar to that of fibronectin improves attachment, spreading, stress fiber formation and focal adhesions \[[@B29-materials-09-00150]\], which are crucial factors for cell migration. Scott *et al.* demonstrated that inhibition of fibronectin assembly strongly reduces the contractile force generation of human embryonic fibroblasts \[[@B30-materials-09-00150]\]. Further, fibronectin stimulated migration in murine embryonic stem cells \[[@B31-materials-09-00150]\]. These observations support the stimulatory effect of fibronectin not only in SCs.

In our experiment, collagen I showed a minor migration-promoting effect and laminin, poly-[l]{.smallcaps}-lysine, and poly-[l]{.smallcaps}-ornithine did not stimulate migration compared to the uncoated control ([Figure 2](#materials-09-00150-f002){ref-type="fig"} and [Figure 3](#materials-09-00150-f003){ref-type="fig"}). Notably, a study using a prostate adenocarcinoma cell line together with collagen I, fibronectin, laminin, poly-[l]{.smallcaps}-lysine, and poly-[l]{.smallcaps}-ornithine coating showed conflicting results \[[@B32-materials-09-00150]\]. In that experiment, a migration-stimulatory effect was only demonstrated for laminin whereas all other coatings were inferior to the polystyrene controls. Remarkably, the prostate adenocarcinoma cell line used in that study is known for its very weak cell-surface adhesion. Consequently, cell-specific factors influence the migration potential in correspondence to surface materials.

According to the results of this experiment, collagen I and fibronectin presented to be the most optimal surface materials for nerve guidance conduits. The composition of these two ECM proteins promotes SC survival and sufficient cell migration at the same time, and hence provides favorable conditions for peripheral nerve regeneration.

4. Materials and Methods {#sec4-materials-09-00150}
========================

4.1. Cell Culture {#sec4dot1-materials-09-00150}
-----------------

Rat Schwann cells and Schwann cell medium were purchased from Sciencell Research Laboratories (Carlsbad, CA, USA). Cells were isolated from postnatal day 8 rat sciatic nerve and used in passage 5 for all experiments. Cells were incubated at 37 °C and 5% CO~2~.

4.2. Surface Coating {#sec4dot2-materials-09-00150}
--------------------

Well plates were coated prior to the experiments with ECM proteins or poly-amino acids, respectively. We used collagen I solution from bovine skin, fibronectin from bovine plasma, laminin from murine sarcoma basement membrane, poly-[l]{.smallcaps}-lysine solution, and poly-[l]{.smallcaps}-ornithine solution (all Sigma Aldrich, St. Louis, MO, USA) according to the manufacturers' instructions. Briefly, coating molecules were prepared with PBS (Sigma Aldrich, Schnelldorf, Germany) in the desired concentration (see below) and 150 µL/cm^2^ was given to the wells. Wells coated with poly-[l]{.smallcaps}-lysine and poly-[l]{.smallcaps}-ornithine solution were incubated for five minutes, whereas wells coated with collagen I, fibronectin, and laminin were incubated for several h. After incubation, the coating solution was discarded, and the wells were washed with ddH~2~O, and air-dried. [Table 1](#materials-09-00150-t001){ref-type="table"} shows the coating concentration. Uncoated wells were used as control.

4.3. Viability Assay {#sec4dot3-materials-09-00150}
--------------------

Cell viability was evaluated using resazurin sodium salt (Sigma Aldrich, Schnelldorf, Germany) solution. Metabolically active cells reduce the oxidized form of this blue dye to the highly fluorescent resorufin (red). To assess cell vitality on the differently coated surfaces, cells were seeded into pre-coated well plates at a density of 2500 cells/cm^2^ and allowed to proliferate for two or five days, respectively. Prior to measurement, cells were incubated with a 10% resazurin in medium solution (final concentration of 70 µM) for 2 h. Subsequently, fluorescence intensity at 600 nm wavelength was measured using the VarioskanFlash and the SkanIt Software 2.4.5 RE (Scanlab AG, Puchheim, Germany). Measurement was done with five replicates for each coating. After subtraction of blanks the values were normalized to the control. A Levene's test was conducted to assess the equality of variances (d2: *p* = 0.079; d5: *p* = 0.095) between the groups. One-way ANOVA analysis revealed significant differences between the groups (d2: F(5,24) = 8.693, *p* = 0.000082; d5: F(5,24) = 3.166, *p* = 0.025). A Bonferroni *post-hoc* analysis was used to identify the specific differences between the individual groups. Statistical significance was considered as *p*-values \< 0.05 ([Figure 1](#materials-09-00150-f001){ref-type="fig"}).

4.4. Migration Assay {#sec4dot4-materials-09-00150}
--------------------

A scratch assay was used to evaluate SC migration on the differently coated surfaces. Cells were seeded into pre-coated well plates at a density of 5000 cells/cm^2^ and allowed to proliferate until confluency. Subsequently, a scratch was inserted by scraping the cell monolayer in a straight line with a pipet tip. The resulting cell debris was removed by washing the cells. Pictures were taken directly after the monolayer was scraped and after 24 and 48 h, respectively. Pictures were taken with the Wilovert S microscope (Helmut Hund GmbH, Wetzlar, Germany) and the ScopeTec DCM 800 camera, using the Scope Photo 3.0 software ([Figure 3](#materials-09-00150-f003){ref-type="fig"}). SC migration was assessed by measuring the cell-free area after 24 and 48 h compared to the cell-free area directly after the scratch was inflicted ([Figure 2](#materials-09-00150-f002){ref-type="fig"}).

5. Conclusions {#sec5-materials-09-00150}
==============

SCs are known to be the indispensable source of functional recovery in the peripheral nervous system. Insufficient SC dispersal within nerve guidance conduits has been suggested to cause a local SC deficit in nerve defect injuries with corresponding inadequate axonal regeneration.

Various ECMs have been suggested to regulate SC behavior. Among the ECMs investigated in this experiment collagen type I demonstrated favorable conditions for SC viability, whereas fibronectin predominantly induced SC migration. These stimulatory effects of ECMs might improve the microenvironment of nerve defects and thus should be considered as one potential target to eliminate the local SC deficit associated with nerve gap injuries.
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![Different ECMs and corresponding cell viability of SCs after two and five days. Ordinate indicates viability as percentage values of fluorescence intensity in relation to day of seeding. Viability was assessed using a resazurin assay. Significant (\*: *p* \< 0.05) results are in comparison to the control.](materials-09-00150-g001){#materials-09-00150-f001}

![Different ECMs and corresponding SC migration. Ordinate indicates remaining cell-free area as percentage values upon the day of creating the scratch.](materials-09-00150-g002){#materials-09-00150-f002}

![Representative images of scratches in the confluent SC monolayer at day zero (t~0~), as well as at 24 h (t~24~) and 48 h (t~48~) intervals. Scratch margins are marked in red and yellow color for t~0~ and t~48~, respectively. Scale bar indicates 100 µm.](materials-09-00150-g003){#materials-09-00150-f003}
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Molecules and corresponding coating conditions.

  Coating Molecule                 µg/cm^2^
  -------------------------------- ----------
  Collagen I                       10
  Fibronectin                      5
  Laminin                          1
  Poly-[l]{.smallcaps}-lysine      3
  Poly-[l]{.smallcaps}-ornithine   2
